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ABSTRACT 


The  theoretical  energy  density  performance  limits  for  packaged  rechargeable 
lithium  polymer  electrolyte  batteries  of  both  prismatic  unipolar  and  bipolar  electrode  configurations 
are  discussed.  The  electrolyte  is  based  on  complexes  formed  between  polyethylene  oxide  and  a 

lithium  salt,  and  the  composite  cathode  is  V^Oj3.  The  modeling  study  suggests  that  specific 

energies  up  to  450  Wh/kg  are  possible  for  packaged  batteries  based  on  both  unipolar  and  bipolar 
cell  designs.  This  requires  the  use  of  low  density  metallic  or  metallized  plastic  current  collectors. 


1.0  INTRODUCTION 

Following  the  discovery  of  ionically  conducting  polymer  electrolytes  based  on 
polyethylene  oxide  -  alkali  metal  salt  complexes  [I]  and  the  realization  of  rechargeable  lithium 
solid  state  batteries  utilizing  such  electrolytes  [2],  more  recent  battery  development  has  focused  on 

ambient  temperature  solid  electrolytes  with  insertion  cathodes  such  as  TiS2  or  V^Oi3  [3  -  5].  The 


first  such  batteries  had  to  operate  near  100°C  because  of  the  poor  conductivity  of  the  solid 

polymer  electrolyte  at  room  temperature  (  10'^  -  10'*  (Qcm)"'  )[6,7].  During  the  past  5  years, 
intense  activity  has  centered  mainly  around  the  polymer  electrolyte  in  an  effort  to  develop 
alternative  polymers  with  higher  ionic  conductivities  at  ambient  temperatures  [8  -  10].  Recently,  a 
number  of  laboratories  have  reported  ambient  temperature  operation  for  lithium  polymer 
electrolyte  batteries  [1 1,12]. 

A  number  of  advantages  have  been  cited  for  solid  state  lithium  polymer 
electrolyte  batteries  over  other  types  of  solid  state  batteries  [13],  including  the  good  interfacial 
integrity  critical  to  the  overall  performance  of  any  solid  state  cell.  The  potential  application  for 
polymer  electrolyte  batteries  span  the  entire  range  of  battery  products  from  smart  credit  cards  to 
electric  vehicle  propulsion.  Hence  there  is  a  need  for  both  small  and  large  area  batteries  and  thick 
and  thin  film  cells.  A  substantial  amount  of  effort  has  been  devoted  to  the  characterization  of 
polymer  electrolytes  as  outlined  in  recent  comprehensive  review  articles  [1 1,14]  but  full  cell 
studies  have  not  been  well  documented.  Only  a  few  laboratories  have  reported  the  successful 
cycling  of  small  prototype  batteries  based  on  lithium  anodes,  polymer  electrolytes  and  insenion 
cathodes[4, 5,1 1,15,16].  This  has  impeded  the  development  of  large  scale  cells.  Despite  this,  the 
future  prospects  for  this  system  remain  high  especially  since  the  fabrication  technology  is 
relatively  straightforward  with  automated  techniques.  In  addition,  the  progress  in  the  development 
of  new  polymer  electrolytes  with  high  ionic  conductivities  at  ambient  temperatures  will  open  up  a 
wider  application  range  for  the  all  solid  state  concept.  Hence  there  is  a  greater  need  to  investigate 
the  effect  of  scale  with  respect  to  the  energy  and  power  capabilities. 

Several  important  issues  need  to  be  addressed  before  cells  reach  the 
manufacturing  stage.  These  include  cost,  fabrication  techniques,  long-term  electrochemical 
behavior  and  ways  in  which  cells  are  assembled  to  make  batteries.  Cells  can  be  stacked  in  series  or 
parallel  arrangements  to  increase  the  voltage  or  current,  respectively.  One  approach  suggested  by 
Harwell  to  reduce  weight  and  cost  during  scale-up  is  to  use  bipolar  modules!  17].  A  number  of 
advantages  and  disadvantages  are  cited  for  bipolar  and  unipolar  electrodes  respectively!  18].  The 
performance  of  a  scaled-up  battery  (whether  stacked  in  series  and  /  or  parallel  arrangement)  must 
be  similar  to  small  scale  laboratory  prototypes.  It  is  imponant  that  new  problems  in  either  the 


electrcxhemical  performance  or  the  fabrication  techniques  do  not  compromise  the  scale-up.  For 
example,  it  is  important  that  individual  cells  stacked  in  various  arrays  are  well  balanced  in  capacity 
in  order  to  avoid  over-charging  or  over-discharging.  This  is  a  critical  issue  since  there  apparently 
are  no  side  reactions  to  provide  a  cell  leveling  mechanism  in  this  system.  Armand  has  suggested  a 
tolerance  level  of  1  -  2%  in  the  cell  manufacture[19].  Other  issues  that  need  to  be  considered  are 
thermal  management  and  safety  of  large  area  series/parallel  inter-connected  cells.  Finally  the  use  of 
metallized  plastic  current  collectors  should  bring  the  cost  and  weight  down  considerably,  hence 
increasing  the  specific  energy  and  power  of  the  system. 

Till  recently  there  were  two  main  groups  that  reported  polymeric  electrolyte 
battery  scale-up.  These  are  the  groups  at  IREQ  and  Harwell.  The  Mead  -  H  &  L  Engineenng 
group  ( U.S.A.  and  Denmark  )  have  recently  described  their  ambient  temperature  battery,  with 
quite  good  performance  in  terms  of  specific  energy  and  power.  IREQ  (Canada)  has  built  10  Wh 
(operating  at  95°C)  and  1  Wh  (operating  at  room  temperature)  cells,  both  of  the  flat-plate  design 
[3,20].  The  cells  were  of  double  cathode/central  anode  bi-cell  construction  and  the  overall 
conclusion  was  that  no  performance  loss  was  experienced  when  the  cell  surface  area  was 
increased  by  a  factor  of  1000.  More  recently  they  have  designed  a  280  Wh  battery.  There  has  also 
been  some  consideration  of  spiral  wound  designs. 

At  Harwell  (England),  larger  prototype  (36  Wh,  8  Ah)  batteries  containing  ten 
individual  cells  have  been  successfully  built  and  cycled  and  their  conclusion  corresponds  with  that 
of  IREQ  in  that  cell  area  can  be  increased  by  1000  s  without  significant  loss  in  the 
electrochemical  performance  [14].  Without  optimiza  :  the  practical  energy  density  including 
packaging,  was  estimated  to  be  around  85  Wh/kg. 

Larger  batteries  were  designed  about  a  prismatic  bipolar  unit.  Twenty  series 
connected  bipolar  units  (plate  area  20  x  20  cm^),  were  stacked  further  in  30  parallel  units  (total  of 
6(X)  individual  cells),  and  were  modeled  for  the  electric  vehicle  application.  By  making  suitable 
allowances  for  the  current  collectors,  bus-bars,  terminals  and  other  packaging  materials, 
theoretical  energy  densities  in  excess  of  400  Wh/kg  were  calculated.  Practical  energy  densities  of 
greater  than  200  Wh/kg  have  been  envisaged.  In  order  to  achieve  optimum  specific  energy 
capabilities  from  large  area  cells,  a  bipolar  configuration  must  be  employed. 

The  primary  goal  of  the  present  paper  is  to  provide  an  overall  assessment  of  the 


optimum  specific  energy  of  a  lithium  polymer  electrolyte  battery  that  may  be  obtained  by  scale-up. 
Important  parameters  to  consider  for  scale-up  are  the  planar  surface  areas,  thicknesses  and 
densities  of  the  cell  components,  number  of  bipolar  units  and  capacity  loading. 


2.0  DESIGN  CONCEPT 

The  approach  involved  macroscopic  modeling  of  two  design  concepts: 

(1)  prismatic  unit  cell 

(2)  prismatic  bipolar  cells 

Figure  1  shows  a  schematic  of  a  prismatic  bipolar  battery.  The  battery  is  reduced 
to  a  unit  cell  by  the  removal  of  the  bipolar  units. 

In  each  case  two  types  of  current  collectors  are  considered,  (a)  metallic  and  (b) 
metallized  plastic.  The  unit  cell  was  based  on  the  following  configuration,  e.g.,  for  Ni  current 
collectors. 

Ni  II  Li  I  Electrolyte  I  standard  V^Oj  3  composite  II  Ni 

(25  |j.m)  11(3  X  cathode  capacity)  I  (0.2tj,)  I  (t^,)  II  (25  |im) 

where  t^,  =  the  thickness  of  the  cathode 

The  stoichiometric  cell  reaction[21]  is  assumed  to  be 

8Li  -t-  V^Oi3  - ^ 

Cathode  thicknesses  considered  were  1,  10  and  100  |im  and  theoretical  energy 
density  values  were  calculated  for  square  shaped  prismatic  cells  with  side  dimensions  ranging 
from  1  to  1000  cm. 


The  standard  cathode  composition  was 
75.4  w/o  VgOi3 
5.0  w/o  Carbon 
19.6  w/o  Electrolyte 

and  from  a  knowledge  of  the  densities  of  the  various  cell  components,  the  capacity  factor  per  cm^ 
(k^)  was  calculated  to  be  0.849  Ah/cm^.  This  factor  was  used  for  all  the  cathode  areas  in  order  to 
deduce  the  cathode  capacities. 

The  capacity  for  Li  was  calculated  to  equal  3  times  the  theoretical  cathode 
capacity  and  the  anode  thicknesses  were  calculated  accordingly  for  the  appropriate  thickness  of 
cathode.  The  electrolyte  was  polyethylene  oxide  complexed  with  a  lithium  salt  in  the  8:1  0;Li  ratio 

(conductivity  assumed  to  be  10"^  (Qcm)'^),  although  other  electrolytes  of  similar  conductivities 
could  be  substituted.  The  widths  of  the  electrolyte  and  the  current  collector  elements  were  0.2  cm 
greater  than  the  width  of  the  electrodes.  The  spacer  was  0.2  cm  in  width  and  occupied  the 
perimeter  of  the  cell,  around  the  electrode.  The  thickness  of  the  spacer  was  equal  to  the  thickness 
of  Li  and  cathode.  The  electrolyte  thickness  was  0.2  times  the  cathode  thickness. 

For  the  unit  cell  case,  Ni  current  collectors  (25  ^tm)  were  considered  in  one 
configuration  and  metallized  (Ni)  plastic  current  collectors  in  another.  The  thickness  of  the 
metallized  layer  was  assumed  to  be  lOOOA  on  each  side  of  the  plastic  (25  |um).  Although  it  is 
possible  that  high  resistive  losses  may  be  encountered  across  these  metallized  layers,  the  planar 
design  concept  of  the  plastic  substrate  could  easily  be  convened  to  a  microporous  concept 
whereby  the  Ni  would  be  deposited  in  a  continuum. 

For  the  bipolar  design  with  metallic  current  collectors,  Ni  (25  pm)  was 
considered  for  the  end  units  and  A1  (15  pm)  for  the  bipolar  units.  The  Ni  is  assumed  here  in  order 
to  provide  sufficient  rigidity  to  the  packaged  battery. 

In  another  case,  25  pm  metallized  (Ni  ~  lOOOA)  plastic  current  collectors  are 
assumed  throughout  the  assembly. 

For  both  bipolar  cases,  cathode  thicknesses  of  1,  10  and  1(X)  pm  and  cell  areas 


from  1  cm^  to  10^  cm^  were  considered.  From  a  knowledge  of  the  cathode  capacity,  Q  (Ah)  and 
the  weight  Wj  (gm)  of  the  unit  cell  components,  the  energy  density  of  the  unit  cell  was  calculated 
using  equation  (2). 


Energy  density  =  Q  (2.2)  1000/ w,  Wh/kg  (2) 

which  assumes  an  average  cell  output  of  2.2  volts. 

The  energy  density  for  the  bipolar  battery  was  calculated  using  equation  (3) 

Energy  density  =  Q  (2.2)  (1  +  x)  1000  /  (Wj  +  w^x),  Wh/kg  (3) 

where  W2  is  the  weight  of  each  bipolar  unit  and  x  is  the  number  of  bipolar  units. 


3.0  RESULTS  AND  DISCUSSION 
3.1  Unit  Cell 

The  energy  density  vs  cell-area  curves  for  the  unit  cell  with  Ni  current  collectors 
are  shown  in  Figure  2  for  1,  10  and  100  (im  thick  cathodes.  The  specific  energy  increases  with 
cathode  thickness  as  expected.  In  addition,  a  plateau  is  reached  in  the  specific  energy  for  all  three 
cathode  thicknesses  at  around  1000  cm^  cell  area  for  the  1  (xm  cathode  and  100  cm-  cell  area  for 
10  and  100  [xm  thick  cathodes.  The  maximum  specific  energy  occurs  for  the  100  qm  thick 

cathode  at  a  value  of  about  240  Wh/kg.  A  plot  of  specific  energy  vs  cathode  thickness  for  the  Ni 

* 

current  collectors  is  shown  in  Figure  3  for  values  out  to  1000  |im..  The  figure  also  shows  the 
energy  density  for  the  theoretical  cell  reaction,  (1)  and  is  compared  to  the  reaction  where  the 
VgOj3  is  a  composite  cathode  consisting  of  V^O]3,  C  and  electrolyte  phase,  and  also  the  reaction 
where  threefold  excess  of  Li  is  used  with  the  composite  cathode.  The  energy  density  for  the 
packaged  cell  approaches  a  limiting  value  of  about  450  Wh/kg  with  increasing  cell  thickness. 

The  corresponding  energy  density  vs  cell-area  curves  for  the  unit  cell  with 


metallized  plastic  current  collectors  are  shown  in  Figure  4  for  1,  10  and  100  jim  thick  cathodes. 
Again  the  specific  energy  increases  with  cell  area  and  cathode  thickness  reaching  a  plateau  at  about 
100  cm^.  For  the  10  and  100  urn  thick  cathode,  the  specific  energy  increases  more  steeply  than  for 
the  1  |im  thick  cathode.  This  is  also  true  for  the  Ni  current  collector.  The  metallized  plastic  current 
collector  appears  to  bring  the  weight  of  the  battery  down  considerably  in  sharp  contrast  to  the  Ni 
current  collector  resulting  in  a  doubling  of  the  energy  density  (-460  Wh/kg)  for  the  100  [im  thick 
cathode  at  100  cm-  cell  area.  Funher  increases  in  the  area  have  little  effect  on  the  specific  energy. 
This  is  true  for  every  case  considered. 

A  plot  of  specific  energy  vs  cathode  thickness  for  the  metallized  plastic  current 
collectors  is  shown  in  Figure  5.  In  this  case  the  energy  density  for  the  packaged  cell  approaches  a 
limiting  value  of  about  500  Wh/kg  with  increasing  cell  thickness. 

A  comparison  of  Figure  3  with  that  of  Figure  5  suggests  that,  although 
ultimately  comparable  values  of  specific  energies  result  for  both  Ni  and  metallized  plastic  current 
collector  cells  with  large  cathode  thicknesses,  the  highest  value  of  specific  energy  are  realized  with 
more  efficient,  thinner  electrode  structures  in  the  case  of  the  metallized  plastic  current  collectors. 


3.2  Bipolar  Cells 

The  energy  density  vs  number  of  bipolar  units  for  cells  with  metallic  current 
collectors  are  shown  for  1,  10  and  100  p.m  thick  cathodes  as  a  function  of  cell  area  in  Figures  6a, 
b  and  c  respectively.  The  energy  density  reaches  a  limiting  value  with  both  the  number  of  bipolar 
units  and  cell  area  and  increases  more  steeply  initially  with  increasing  cathode  thickness.  The 
plateaus  in  the  energy  densities  are  reached  more  quickly  with  thicker  cathodes.  The  optimum  cell 
area  appe^s  to  be  between  400  cm^  and  2500  cm^;  however,  areas  between  25  cm^  and  100  cm^ 
are  also  a  good  working  range  without  too  severe  a  penalty  in  the  energy  density.  For  the  ICX)  |im 
thick  cathode,  the  optimum  number  of  bipolar  units  is  about  20.  For  this  number  of  units  and  a 
cell  area  of  400cm^,  an  energy  density  of  about  450  Wh/kg  can  be  envisaged  for  100  |im  thick 
cathodes.  This  value  compares  well  to  the  unit  cell  data  using  metallized  plastic  current  collectors. 

The  energy  density  vs  number  of  bipolar  units  for  cells  with  metallized  plastic 


current  collectors  are  shown  for  1, 10  and  1(X)  nm  thick  cathodes  as  a  function  of  cell  area  in 


Figures  7a,  b  and  c  respectively.  Again  a  flattening  in  the  energy  density  takes  place  with  the 
number  of  bipolar  units  and  this  occurs  more  steeply  with  increasing  cathode  thickness.  The 
optimum  area  of  the  cell  appears  to  be  the  same  as  that  for  the  Ni  current  collector  cells.  The 
optimum  specific  energy  of  a  battery  with  100  jam  thick  cathodes  consisting  of  about  5  bipolar 
units  and  a  cell  area  of  400  cm-  is  calculated  to  be  about  470  Wh/kg.  Further  increase  in  the  cell 
area  or  the  number  of  bipolar  units  has  little  effect  on  the  energy  density.  Even  with  a  100  cm- 
area  bipolar  (5  units)  cell  battery,  an  energy  density  of  450  Wh/kg  is  envisaged. 

The  above  results  vaeld  an  upper  limit  for  performance  capability  and  are  in 
excellent  agreement  with  the  work  of  Hooper[14,17].  Figure  8  summarizes  the  specific  energy  of 
a  lithium/metal  oxide  polymer  electrolyte  cell  system  with  a  state-of-the-art  lithium/liquid 

electrolyte  battery.  The  battery  electrode  couple  Li/VgOj3  has  a  very  high  theoretical  specific 

energy  in  excess  of  800  Wh/kg.  This  value  is  reduced  to  650  Wh/kg  by  practical  electrode  design 
constraints.  Further  energy  reduction  results  from  the  necessary  inclusion  of  hardware,  including 
insulators,  current  collectors  and  battery  cans.  Finally,  allowing  for  less  than  100%  cathode 
utilization,  the  projected  available  energy  of  200  -  300  Wh/kg  still  represents  a  100%  increase  in 
specific  energy  vs  that  of  state-of-art  lithium  rechargeable  batteries  and  a  three  to  five  fold  increase 
relative  to  established  secondary  batteries.  At  very  low  current  drains,  one  could  get  close  to  the 
theoretical  energy  density.  However,  most  battery  systems  operate  di  the  C  to  C/IO  rates  of 
discharge  and  in  these  cases,  40-60%  of  cathode  utilization  is  not  unreasonable  to  assume[5]. 
Experimental  studies  on  small  laboratory  unit  cells  (1-6  cur  area)  show  that  these  batteries  now 
provide  an  energy  capacity  of  up  to  200  Wh/kg. 

4,0  CONCLUSIONS 

In  order  to  increase  the  specific  energy  of  a  jxjlymer  electrolyte  battery,  one 
needs  to  employ  a  bipolar  plate  design.  The  use  of  a  metallized  plastic  current  collector  is  expected 
to  decrease  not  only  the  weight  and  the  cost,  but  also  to  increase  the  specific  energy  of  the  system 
considerably.  For  the  unit  cell,  optimum  specific  energies  of  240  Wh/kg  are  calculated  for  cells 
with  Ni  current  collectors,  100  pm  thick  cathode  and  100  cm^  cell  areas,  whereas  for  the 


metallized  plastic  current  collector,  460  N\''h/kg  are  calculated  for  a  100  pm  thick  cathode  with  the 
same  cell  area. 


Further  small  increases  in  the  energy  densities  are  obtained  using  a  bipolar 
configuration.  Optimum  specific  energies  of  about  450  Wh/kg  are  obtained  for  cells  using  an  A1 
current  collector  with  20  bipolar  units.  400  cm-  cell  area  and  100  |im  thick  cathode.  This  means 
one  can  use  lightweight  metal  current  collectors  but  in  a  bipolar  configuration  in  order  to  achieve 
similar  energy  densities  to  that  of  a  metallized  plastic  current  collector  in  a  unit  cell. 

The  use  of  metallized  plastic  current  collector  gives  optimum  specific  energies  of 
about  470  Wh/kg  for  cells  with  5  bipolar  units.  100  |im  thick  cathode  and  400  cm-  cell  areas.  This 
does  not  represent  a  very  large  increase  over  the  A1  current  collector  in  a  bipolar  configuration  nor 
the  unit  cell  values  using  a  metallized  plastic  current  collector.  However,  for  the  bijxilar  case,  the 
number  of  units  are  much  lower  as  compared  to  the  A1  current  collector. 

In  almost  all  cases,  the  optimum  cell  areas  range  between  100  cm-  -  400  cm-. 
Further  increase  in  the  area  does  not  have  a  great  impact  in  increasing  the  specific  energy.  Overall, 
the  maximum  energy  density  available,  whether  it  be  for  unit  or  bipolar  cells  using  metallized 
plastic  current  collector  or  bipolar  A1  current  collector  cells,  is  about  470  Wh/kg.  Practical  energy 
densities  of  about  200  -  300  Wh/kg  are  achieved  with  further  development. 
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Fig.  3.  Specific  energy  vs  cathode  thickness  for  100  cm”  unit  cell  with  Ni  current  collector 
are  compared  to  the  theoretical  values  for  (a)  balanced  electrodes;  (b)  same  as  (a), 
including  non-electroactive  cathode  additives;  (c)  same  as  (bl,  including  excess  Li. 
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Figure  4.  Energy  density  versus  cell-area  for  metallized  plastic  current  collector 
unit  cell  with  1,  10  and  100  |im  thick  cathodes 
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Fig.  5.  Specific  energy  vs  cathode  thickness  for  100  cm“  unit  cell  with  metallized  plastic 
current  collector  are  compared  to  the  theoretical  values  for  (a)  balanced  electrodes; 
(b)  same  as  (a),  including  non-electroactive  cathode  additives;  (c)  same  as  (b), 
including  excess  Li. 


Energy  Density  /  Wh/kg 


Energy  Density  /  Wh/kg 


°  1X1  Cell 


♦  5X5  Cell 

•  10X10  Cell 

♦  20X20  Cell 

*  50X50  Cell 

■  100X100  Cell 

*  500X500  CeU 

•  1000X1000  CeU 


0  20  40  60  80  100 


X  Bipolar  Units 


Fig.  6b.  Energy  density  vs  No.  of  bipolar  units  using  A1  current  collector  and  lOpm  thick  cathode. 
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Fig.  6c.  Energy  density  vs  No. 


of  bipolar  unto  using  A,  cunun,  collector  and  lOOpn,  thtck  cathode. 
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Fig.  7a.  Energy  density  vs  No.  of  bipolar  units  using  metallized  plastic  current  collector 
and  1  |im  thick  cathode. 
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Fig.  7c.  Energ>’  density  vs  No.  of  bipolar  units  using  metallized  plastic  current  collector  and 
1 00  |im  thick  cathode. 
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Figure  7b.  Energy  density  vs  No.  of  bipolar  units  using  metallized  plastic  current  collector 
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Figure  8.  Specific  energy  of  lithium  batteries. 


